[1] Clustering and intermittency in atmospheric turbulent flows above different natural surfaces are investigated with reference to their dependency on surface roughness and thermal stratification. The dualism between active and quiescent phases within measured time series is isolated by using the telegraphic approximation (TA), which is able to eliminate the contributions to intermittency originating from amplitude variability associated with the energetic states. The presence of linear correlation relating the scaling exponents of energy spectra for the original series (n) and its TA counterpart (m) within the inertial sub-range (ISR) suggests that amplitude variability acts as a de-correlation factor for the series. Clustering exponents a estimated from velocity and scalar time series exhibit a weak dependence on the Taylor micro-scale Reynolds number (Re l ).
Introduction
[2] Intermittency plays a major role in atmospheric turbulence whether be it in describing its mixing or agglomeration properties [Warhaft, 2000] and is now receiving significant attention in a number of disciplines such as wind energy generation and turbine designs. Intermittent flow variables exhibit quiescent states interspersed by highly energetic or 'active' events. As a consequence, two aspects characterize such intermittent process -one related to its telegraphic or on-off properties (quiescent versus energetic or active states, unevenly distributed in space or time) and another related to the amplitude variability within the energetic states Kailasnath and Sreenivasan, 1993; Sreenivasan and Bershadskii, 2006a; Sreenivasan et al., 1983] . A number of reviews have already shown that scalar turbulence within the inertial sub-range (ISR) -the range of scales that are much smaller than the scales at which energy is produced but much larger than the viscous dissipation scales -appears more intermittent than their velocity counterparts [Warhaft, 2000] . These studies often base their conclusions on the anomalous scaling in the higher-order structure function defined (in time) as [Sreenivasan and Antonia, 1997; Warhaft, 2000] 
where, Ds = s′(t + t) À s′(t), s′ are turbulent excursions from the time-averaged state s for an arbitrary flow variable s, t is time, t is lag time, p is the moment order of the structure function, and V p is a scaling function, often expressed via the lognormal model as [Chevillard et al., 2005; Katul et al., 2006b Katul et al., , 2009 Kolmogorov, 1962; Lashermes et al., 2008; Sreenivasan and Antonia, 1997 ]
[3] Even at high Reynolds number, the classical intermittency exponent m s for passive scalars tends to exceed the one of the velocity components [Gylfason and Warhaft, 2004; Warhaft, 2000 Warhaft, , 2002 though some studies have reported comparable values with m s = 0.20 for velocity and 0.25 for air temperature [Chambers and Antonia, 1984] . Both amplitude variations in the energetic states and the clustering (or telegraphic) properties impact m s and hence V p in equation (1). However, it is not yet clear which of these two aspects is actually responsible for the enhancement of m s in scalars. Are the enhancements in scalar intermittency connected to the nature of the surface cover or the distribution and strength of sources and sinks of scalars and momentum at the surface? To what extent atmospheric and surface characteristics responsible for turbulent production or destruction, such as buoyancy, friction velocity, or surface roughness also play a role in this enhancement? The latter two questions are motivated by the fact that scalar turbulence in the lower atmosphere often exhibits ramp-like (or inverted ramp) structures [Cava et al., 2004; Shaw et al., 1989] known to be impacted by the scalar source strength via a renewal process [Castellví, 2004; Castellví and Snyder, 2010; Katul et al., 1996 Katul et al., , 2006b Paw U et al., 1992; Snyder et al., 1996] and to affect, in turn, fine-scale turbulence within the ISR [Katul et al., 2006b; Mahrt, 1989; Warhaft, 2000] . Scalar turbulence can be more intermittent at the scales within the ISR precisely because of such interactions between boundary conditions (scalar source strength), large scales (ramp-cliff shape), and fine scales (micro-front of the ramp-cliff). However, a number of studies have also shown that larger-scale eddy motion (i.e., commensurate with the integral time scale) can impact the local kinetic energy dissipation rate, and hence, m s as derived from velocity time series [Kuznetsov et al., 1992] .
[4] To progress on a subset of these problems, the socalled Telegraphic Approximation (TA) is employed. The binary nature (on-off) of the TA permits isolating event clustering in time without being influenced by amplitude variations. The TA preserves the so-called zero-crossing properties in the original time series but eliminates amplitude variations associated with the energetic states [Kailasnath and Sreenivasan, 1993; Monin and Yaglom, 1971; Rice, 1945; Sreenivasan et al., 1983] . This study is timely because TA properties of turbulence for a number of flow configurations have already been reported over the past 7 years thereby offering a comparative framework. Examples include (1) turbulence away from rigid boundaries [Sreenivasan and Bershadskii, 2006a] , hereafter referred to as SB06, (2) convection at high Rayleigh number , hereafter referred to as B04, (3) velocity components within and immediately above a dense canopy composed of densely arrayed rods situated in a flume Katul, 2009, 2010] , hereafter referred to as PK09, and (4) velocity and air temperature measurements collected inside a dense hardwood canopy [Cava and Katul, 2009] , hereafter referred to as CK09. Comparisons with these experiments can offer clues on how the boundary conditions, including roughness effects and thermal stratification, modify one key aspect of intermittency in the ISR connected to event clustering. At fine scales, understanding agglomeration of inertial particles such aerosols, water droplets, and pollen grains near the canopy-atmosphere interface can benefit from quantifying aspects of turbulent clustering. In fact, agglomeration is known to be sensitive to the interplay between the inertia of these particles and the spatial clustering of turbulent eddies at fine scales [Thoroddsen and Van Atta, 1992; Sreenivasan and Antonia, 1997] . At larger scales, turbulent structures whose clustering properties and inter-pulse durations appear to be close to white-noise (versus structured) as discussed in SB06 can also be delineated by the approaches here.
[5] To address how intermittency and clustering in the ISR are impacted by atmospheric stratification and surface roughness, turbulent time series collected above different surface cover types ranging from ice sheets to tall forests (described in section 2) are analyzed. The methodology and variants on it employed in SB06 is reviewed in section 3 and its application to the data sets is presented in section 4. Finally, conclusions and comparison with previous studies are presented in section 5.
Data Sets
[6] Six data sets collected above different surface cover types and summarized in Table 1 were analyzed. These data sets were divided in two broad groups: The first group refers to measurements collected above three tall-forested ecosystems, where the measurement height (z m ) is situated within the so-called canopy sublayer (CSL). The second group refers to measurements collected well above the mean surface obstacle height in the atmospheric surface layer (ASL). Atmospheric stability conditions were broadly classified as unstable when z st ≤ À0.5, near neutral when À0.5 < z st < 0.5, and stable when z st ≥ 0.5, where Here h c is the canopy height, z o is the momentum roughness length, and LAI is the all sided leaf area index. The variables q and C refer to water vapor and CO 2 concentration fluctuations.
d being the zero-plane displacement assumed to be 2/3 of the canopy height, and L mo being the Obukhov length. This choice was based on a trade-off between ensuring sufficient data points in each stability class and minimizing the effects of thermal stratification for near-neutral conditions across sites. Details about the sites, data sets, and their processing for the ice sheet [Cava et al., 2001; Giostra et al., 2002] , the bare soil surface [Katul, 1994; Katul et al., 1995] , the grasscovered surface [Katul et al., 1997b [Katul et al., , 1998b , the Loblolly pine forest [Cava et al., 2004; Katul and Albertson, 1998; Siqueira and Katul, 2002] , the Oak-Hickory hardwood forest [Katul et al., 1997a [Katul et al., , 1998a , and the Alpine hardwood canopy Cava et al., 2006 Cava and Katul, 2009] are discussed elsewhere. The number of runs employed in each stability class at each site is summarized in Table 2 . For the ASL studies, the variables analyzed are s = u, w, T where u and w are the longitudinal and vertical velocities, and T is the virtual air temperature. For the CSL studies, two additional scalar concentration fluctuations were also analyzed (s = q, C, where q is the water vapor concentration and C is the carbon dioxide concentration).
Method of Analysis
[7] Because B04, SB06, PK09, and CK09 already presented a broad range of results on intermittency and clustering properties of turbulence time series, comparisons between these studies and the atmospheric turbulence data summarized in Table 1 were conducted first. The conventions and definitions used in those studies are employed throughout. For completeness, the nomenclature and the determination of various scaling exponents are briefly reviewed in the following section.
The Telegraphic Approximation (TA)
[8] B04 and SB06 defined the telegraphic approximation (TA) as
where s′(t) = s(t) À s and over-bar indicates time averaging. For consistency with these previous studies, this definition is adopted throughout though thresholds other than the zeromean can be used. Figure 1 shows an example of temperature series (Figure 1 , top) and the corresponding TA (Figure 1, bottom) . Because TA(s) can either take on value of 1 (when s′(t) > 0) or 0 (when s′(t) < 0), there are no 'amplitude variations' in the telegraphic approximation'.
Spectra
[9] The relationship between the spectral scaling exponent of s(t) (impacted by both amplitude variability and clustering) and its TA(s) (impacted by only clustering) are presented here to investigate the correlation structure of the 'switches' from 1 to 0 or 0 to 1 in the TA series (that need not to be entirely random if associated with coherent intermittent events). Consider the spectra of the series E s ( f ) and of the TA E TA ( f ) to scale as f Àn and f Àm respectively.
[10] For turbulence far away from boundaries, SB06 heuristically demonstrated that the spectral exponents of the full series and its TA approximation are linearly related in the form
with a = b = 1/2. Hence, it follows that when n = 5/3 (typical for ISR scaling), the expression by SB06 predicts m = 4/3. Such a relationship is obtained by assuming that the velocity is mono-fractal, with Hurst exponent H, so that the fractal dimension of the zero-crossing set Z over the line is D(Z) = 1 À H, and the second order structure functions of s(t) and its TA scale with co-dimensions 2H and H respectively. For the spectral exponents, it follows that n = 1 + 2H and m = 1 + H, and when combined together result in equation (4) with a = b = 1/2 as shown in B04. Using similar scaling arguments, B04 also obtained this result for a multifractal series m = 1 + V 1 ′, where V 1 ′ is the first order scaling exponent of the TA. However, they argued that for turbulence away from a wall, spectral exponents obtained based on the mono-fractal and multifractal hypothesis are only slightly different. They based this argument on the assumption that the origin of intermittency buildup across scales is entirely endogenous to the turbulent kinetic energy dissipation rate with no other external factors (i.e., those responsible for turbulence generation) being relevant. PK09 found that to assume a = b = 1/2 was still reasonable above their rod canopy. Inside the rod canopy, a linear relationship between m and n was reported but with exponents different from what was reported in SB06 for u (a ≈ 0.7 and b ≈ 0.1). However, for w, the exponents reported in SB06 agreed reasonably well with PK09. For the Lavarone site, CK09 actually showed that a ≈ 0.66 and b ≈ 0.09 is in better agreement than a = b = 1/2 when combining all flow variables (including scalars) and measurement levels inside the canopy. For a ≈ 0.66, b ≈ 0.09 and when n = 5/3 results in m ≈ 1.19 rather than 1.33. While the precise values of a and b differed among the various studies, the common finding from SB06, PK09 and CK09 is as follows.
[11] 1. The linearity in equation (4) seems to hold across a wide range of boundaries and flow conditions and for both velocity and scalar time series. This result confirms SB06's conclusion that TA spectra contain significant information about the scaling laws of the measured turbulent velocity and concentration time series;
[12] 2. The exponent m < n and a ∈ [0.5, 0.7] < 1 and implies that there is more 'memory' in TA(s) due to the sequence of on-off or off-on switching in time when compared to s(t). Stated differently, amplitude variability may be de-correlating the series.
Non-Gaussianity
[13] Another question to explore in TA series is the preservation of some of the non-Gaussian properties encoded in the intermittency of the original time series (including both clustering and amplitude variability). The non-Gaussianity of turbulent velocity gradients results from the nonlinear dynamics of the Navier-Stokes equations. Intermittency effects result in non-Gaussian statistics, whereas K41 appears consistent with the concept of an inertial cascade if the velocity statistics within the inertial subrange do not differ significantly from Gaussian for homogeneous and isotropic turbulence Giostra et al., 2002] . In fact, one of the characteristics about inhomogeneous and intermittent turbulence is the skewness of the velocity distribution and its derivatives required to produce, respectively, energy flux and energy spectral transfer [Lumley and Panofsky, 1964] .
[14] Strong linkages do exist between the ejection-sweep cycle and the skewness of a series [Cava et al., 2006; Fer et al., 2004; Katul and Albertson, 1998; Katul et al., 1997a Katul et al., , 1997c Katul et al., , 2006a Maitani and Ohtaki, 1987; Poggi and Katul, 2009; Poggi et al., 2004; Raupach, 1981; Shaw et al., 1983] . In fact, one of the defining characteristics of flows in a canopy sublayer is the positively skewed u and the negatively skewed w related to cycles of ejections and sweeps and to their contribution to energy, momentum and mass transfer inside the canopy. Atmospheric stability is also known to impact the skewness of velocity and scalars [Chu et al., 1996; Jiménez and Cuxart, 2006; Kaimal et al., 1976; Tillman, 1972; Wyngaard and Weil, 1991] .
[15] The TA partially preserves these properties via the fraction of time TA = 1 (= G + ). To illustrate this point, recall that the skewness of an arbitrary flow variable is defined as
To link Sk s with G + analytically, a third-order cumulant expansion (CEM) of the probability density function p(ŝ) is employed and results in [Katul et al., 1997a [Katul et al., , 2006a Nakagawa and Nezu, 1977; Poggi et al., 2004; Raupach, 1981] 
The fraction of timeŝ > 0 (= G + ) can be computed and is given by
This relationship can be employed to assess how well the TA series preserves non-Gaussianity in the original series.
Clustering and Intermittency Exponents
[16] Within the TA framework, clustering is linked with the correlations in space or time of the on-off or off-on binary switches, and the probability distribution of the interpulse durations. For certain classes of stochastic processes such as fractional Brownian motion (or fBm), formal relationships between the inter-pulse duration and the correlation functions have been derived using both the Rice's formula (e.g., see review in PK09) and simple scaling symmetries [Ding and Yang, 1995] . A number of measures used to characterize clustering and its (empirical) connection to intermittency in the actual series are presented next.
[17] The clustering exponent (a) was determined by SB06 from scaling relationships applied to the density n t (t) of zero-crossings. A time series of n t (t) was computed from the number of zero-crossings for the portion s′(t) to s′(t + t) normalized by the total number of points in the time interval t. The clustering exponent was then determined from
where dn t (t) = n t (t) À n t ðtÞ, and n t ðtÞ is the long-term mean zero-crossing density. For white-noise, where no significant clustering is present, a = 1/2. SB06 demonstrated that for well-developed turbulence extrapolated to infinite Taylor micro-scale Reynolds number (Re l ), a = 0.1. Here, Re l = ls u /n, where l is the Taylor micro-scale or the smallest scale within the ISR,
is the standard deviation of the longitudinal velocity, and n is the kinematic viscosity. For the finite Re l ∈ [200, 20000] in SB06, a ranged from 0.25 to 0.40 within the ISR but approached the white-noise value of 1/2 at larger scales. This is not surprising as a number of studies already suggested that (for near-neutral conditions) near-Gaussian statistics describe well amplitude of the velocity differences at large scales (decorrelated in time) and scale-dependent non-Gaussian statistics exist within the ISR [Katul, 1994; Katul et al., 1994 Katul et al., , 2009 Meneveau, 1991] .
[18] Because variance (or energy) dissipation rate is proportional to the squared spatial gradients, which can be converted to temporal gradients via Taylor's frozen turbulence hypothesis, the quantities
can be simultaneously used to infer the intermittency properties of a turbulent series from the scaling of the moments (e.g., B04):
[19] The scaling exponents m q were used by a number of authors in turbulence research [Katul et al., 2001 Kuznetsov et al., 1991 Kuznetsov et al., , 1992 Obukhov, 1962; Shi et al., 2005; Sreenivasan and Antonia, 1997] as classical intermittency measures, and in particular, the second order exponent m 2 is often referred to as the intermittency exponent (as already shown in equation (2)). For comparisons with SB06, CK09, and PK09, the intermittency exponents m s and m TA for s and TA(s) are here considered. SB06 demonstrated that when m s was inferred from s = u, m s linearly decreased with decreasing 1/log(Re l ), approaching 0 at infinite Re l . The rationale for the 1/log(Re l ) representation is discussed elsewhere [Sreenivasan and Bershadskii, 2006b] and is not repeated here. SB06 also found that m s (Re l ) = a(Re l ) À 0.1, suggesting a linear correlation between clustering and intermittency exponents. This finding in SB06 has significant implications -it suggests that clustering at fine scales explains all the variations in m s (impacted by both clustering and amplitude variability) as Re l varies. Whether such relationships also hold across a wide range of flow variables, atmospheric stability states, and surface conditions remain an open question to be explored.
Inter-pulse Period and Linkages Between Various Exponents
[20] A relationship between durations of inter-pulse periods and temporal correlations of 'on-off' or 'off-on' switches is expected for TA series. For a weighted superimposition of Poisson processes, it was shown in B04 and elsewhere that [Jensen, 1998] 
where g is the exponent of p(I p ) $ I p Àg , p(.) is the probability density function (pdf) of the distribution of inter-pulse periods I p (i) =t i+1 Àt i , andt i is the time for which TA(s(t i )) switches. Interestingly, the same relationship also holds for classical "sand pile" models of self organized criticality (SOC) in the "large pile" limit [Jensen, 1998 ], which has been used as one analogy to a number of turbulent flows [De Menech and Stella, 2002; Sreenivasan et al., 2004] . The study in B04 then proposed an 'intermittency' correction to equation (9) yielding m = (3 À m 2 /2) À g. SB06 later showed that turbulence maybe classified as 'active' or 'passive' depending on the scaling of the p(I p ). SB06 noted that for 'active' scalars, p(I p ) $ I p Àg while for 'passive' scalars, they found that
where q = log(I p ), a is only related to the variance of q, and b and c are related to the mean (= b) and variance (= s 2 ) of q, given by
[21] This finding was rather surprising because d-correlated processes (i.e., white noise) exhibit a lognormal distribution of inter-pulses, while according to SB06, p(I p ) $ I p Àg results in an energy spectrum more consistent with the traditional Lorentzian form of processes with exponentially distributed inter-arrival times. The term 'active' as used in SB06 refers to flow variables where the source strength determines the scalar dynamics such as for temperature in convective turbulence, where the amount of heat injected determines the degree of convection. CK09 found that within the CSL of the Lavarone site and for all series analyzed, the above formulation describes well the p(I p ) except for temperature in the crown region of the canopy, where a double regime was observed (power law followed by a lognormal distribution).
Results

Properties of the Telegraphic Approximation for the Flow Variables
[22] Turbulence in the ASL and CSL possess two important properties: (1) spectral scaling laws in the ISR and (2) non-Gaussian statistics. How these two properties are preserved in the telegraphic approximation is explored. With regards to the first property, Figures 2 and 3 show the ensemble-averaged measured spectral densities for s = u, w, T along with their TA counterparts for all sites and stability classes, respectively, as a function of the normalized frequency. It is evident from Figures 2 and 3 that scaling regimes do exist for both the actual series and their TA counterparts against the normalized frequency f (z m À d)/ U > 1, where U is the mean longitudinal velocity. Moreover, consistent with PK09, the scaling regimes do not appear to be appreciably more 'extensive' in the TA spectra, at least for the range of frequencies resolved here.
[23] Figure 4 compares the scaling exponents of energy spectra for the original series (n) and its TA counterpart (m) for all individual runs across all sites, variables, and stability classes. Spectral exponents have been computed for normalized frequency f (z m À d)/U > 5, but removing data associated with the highest frequencies when these frequencies show clear distortion effects (i.e., aliasing, sonic path averaging). Linear regression analysis on the combined data sets in Figure 4 resulted in a = 0.58 and b = 0.26 (see equation (4)).
[24] Figure 4 shows a large range of variability of n values and significant deviations from n = 5/3 predicted by K41 theory [Kolmogorov, 1941] for locally homogeneous and isotropic turbulence at very high Reynolds number. Unlike data sets away from boundaries analyzed in SB06, an effective local isotropy is not always or completely realized Figure 2 . Ensemble-averaged normalized energy spectra of the longitudinal velocity (u′), vertical velocity (w′) and air temperature (T′) as a function of the normalized frequency for the three stability classes: (a, b, c) unstable, (d, e, f) near-neutral and (g, h, i) stable. Different symbols refer to different measurement sites: gray hexagrams (Lav_H), gray diamonds (Duke_H), gray circles (Duke_P), empty pentagrams (Duke_G), empty triangles (BSoil), empty circles (Ice). Spectra are artificially shifted to group data within CSL (gray symbols) and ASL (empty symbols). The ISR scaling (n = 5/3) is shown for reference (black line). Vertical dotted line refers to a unity reduced frequency.
in the analyzed range of frequencies for the data sets here, which are influenced by roughness and characteristics of the underlying surfaces, even at 'small scales' (smaller than production scales, but not purely inertial scales). It is noteworthy that, even above a wall turbulent flow, an open problem is related to how large-scale (or very large scale) motion influences smaller scale characteristics and at which scale the effective local isotropy is realized [Van Atta, 1991; Sreenivasan and Antonia, 1997; Biferale and Vergassola, 2001; Giostra et al., 2002] . The potential sources of small- scale anisotropy could be the direct interaction between large and small scales or a possible influence of temperature fluctuations on the inertial subrange motions.
[25] Moreover, in the case of data collected just above a vegetated canopy (or in general within a CSL) the failure of K41 theory (and of the classical surface layer theory) can be explained by the importance of turbulent transport terms and their imprint on disrupting the balance between turbulent production and dissipation rates of turbulent kinetic energy [Kaimal and Finnigan, 1994] .
[26] Despite all these deviations from K41 scaling, the relationship between m and n remained linear with a slope (= 0.58) not too distinct from SB06 (= 0.5). It appears that much of the departure from K41 impacted the intercept (= 0.27) when comparing to SB06 (= 0.5).
[27] The correlation between the measured G + (determined from the TA series) and finite Sk s (determined from the original time series) can be used to assess how well the TA series preserves non-Gaussian properties of the original series. Figure 5 shows that measured and predicted G + from equation (7) using measured Sk s agree thereby confirming that the non-Gaussian properties of the original series are preserved in the TA series (via G + ). It should also be noted here that the measured G + includes the integrated effects of all higher-order cumulants (beyond order 3) on p(ŝ). However, given the agreement in Figure 5 , it is safe to state that the dominant cumulant appears to be Sk s for all the flow variables and stability classes as shown earlier in PK09 and other studies [Katul et al., 1997a] .
Clustering and Intermittency
[28] Figure 6 shows the ensemble-averaged variations in dn 2 t 1/2 (equation (8)) as a function of the normalized frequency (z m À d)/(tU). At large scales (i.e., (z m À d)/(tU) < 1), dn 2 t 1/2 resembles a white-noise process (a = 0.5: dottedpointed lines). However, for higher frequencies (i.e., (z m À d)/(tU) > 1), the clustering exponent a differs among flow variables and stability conditions, though all the exponents remain larger than a = 0.1 (continuous lines) estimated by SB06 in the limit as 1/log(Re l ) → 0. In the following analysis, a refers to clustering exponents for the high frequency range.
[29] Variations in atmospheric stability conditions and surface properties can significantly modify the Taylor microscale Reynolds number Re l . According to SB06, variations in clustering exponent a and global intermittency exponent m s can be entirely explained by variations in Re l . The analysis by PK09 for u and w also suggested that within the CSL, variations in a and m s are not entirely (but partially) explained by Re l . Hence, to what extent variations in a (shown in Figure 6 ) are explained by variations in Re l for the CSL and ASL should be explored. Unfortunately, sonic anemometry is not ideally suited for the direct estimation of the Taylor micro-scale l needed in the determination of Re l because the averaging path length of the sonic anemometer and l are generally comparable [Katul et al., 1997b] . Hence, the use of indirect methods is necessary to estimate l. Since m s is sensitive to departures from the 5/3 scaling in the energy spectrum of velocities, determining l using dissipation rates inferred from energy spectra or structure functions can introduce artificial correlations between the computed l and m s . To avoid this potential artificial correlation, l was independently inferred by assuming that the production and dissipation of turbulent kinetic energy are in balance resulting in [Katul et al., 1997b] 
where k v is the Von Karman constant, f ɛ ( st ) is the turbulent kinetic energy dissipation rate stability correction function given as [Hsieh and Katul, 1997; Kader, 1992] (14)).
[30] This assumption may be biased by as much as a factor of 2 in the CSL [Cava et al., 2006; Katul and Albertson, 1998 ] and a factor of 1.5 in the ASL [Hsieh and Katul, 1997] for the mean dissipation rate calculations (or alternatively lumped into f ɛ (& st )). However, it is not the intent here to evaluate the mean turbulent kinetic energy dissipation rate per se but to estimate a quantity that depends on its logtransformed value (i.e., [log(Re l )] À1 ), which is more robust to such errors given that l $ (f ɛ ) À1/2 . Figure 7a shows the variations in a (in the high frequency range) as a function of the computed [log(Re l )]
À1 for all the runs along with the linear relationship reported in SB06. The a range ([0.1, 0.4]) in Figure 7 appears consistent with the range reported by SB06 and CK09. Moreover, despite the large scatter, the averaged values of clustering exponent a follows surprising well the SB06 relationship reported for the ISR. The same analysis was repeated for the intermittency exponents for the original (m s ) and the TA (m TA ) series and is shown in Figures 7b and 7c as well. The values of m s are generally larger than those reported in SB06 and show no significant dependency on the inferred [log(Re l )] À1 . These m s values are also larger than the ones reported for ASL turbulence by others [Chambers and Antonia, 1984; Sreenivasan and Antonia, 1997] that put the estimate of m s ≈ 0.25 AE 0.05 (at least for velocity). Some studies did report m s ≈ 0.35-0.40 for s = T [Meneveau et al., 1990] though these values may be biased by the method of inference [Warhaft, 2000] .
[31] In a separate analysis, variations in m s for s = u and s = w appear comparable, roughly varying between 0.28 and 0.38, and linearly related across sites and stability classes. The values of m s for s = u were consistently smaller than those for s = T (varying between 0.33 and 0.48) at the same sites and stability conditions. Moreover, there was no significant correlation between the values of m s for s = u and s = T. The analysis in Figure 7 also shows that m TA does not vary with the estimated [log(Re l )]
À1 . Moreover, the relationship derived in SB06 appears to set a 'lower-bound' on the observed values suggesting 'extra' variability not entirely explained by the Taylor micro-scale Reynolds number. Interestingly, the mean value of m s (≈0.30 AE 0.06) appear lower that the corresponding mean value of m TA (≈0.36 AE 0.06) along all the estimated range of [log(Re l )]
À1 variability; that is, on average, amplitude intermittency seems to play a smoothing role on the clusterization effect (B04).
[32] In more detail, for the ASL and CSL experiments, it was found that, on average, m TA > m s only for s = u suggesting that amplitude variations mitigate intermittency only in the longitudinal velocity (Figure 8 ). For the CSL sites and for all stability classes, m TA ≈ m s for s = T, q, C suggesting Figure 6 . Ensemble-averaged standard deviations for the running zero-crossing density fluctuations of the longitudinal velocity (u′), the vertical velocity (w′) and air temperature (T′) for the three atmospheric stability classes: (a, b, c) unstable, (d, e, f) near-neutral and (g, h, i) stable. Different symbols refer to different measurement sites: gray hexagrams (Lav_H), gray diamonds (Duke_H), gray circles (Duke_P), empty pentagrams (Duke_G), empty triangles (BSoil), empty circles (Ice). As a reference, the values for white noise (a = 1/2: point dashed line) and for Re → ∞ (a = 0.1: continuous line) derived from the laboratory measurements by SB06 are also shown. Vertical dotted line refers to a unity reduced frequency.
that amplitude variations do not affect or slightly amplify intermittency for scalars (Figure 8) .
[33] Figure 9 directly shows the relationship between clustering exponent a and global intermittency exponent m s . In spite of the scatter, the average values of m s appear linearly correlated to a for s = u, T, q, C (the case of s = w will be discussed later). The regression slopes and intercepts (m S = a′a + b′) do slightly vary across sites (a′ ≈ 0.66-0.99, b′ ≈ 0.10-0.19) even if there is no clear dependence on surface roughness alone. The mean regression (m S = 0.85a + 0.15), computed considering all the six experimental sites, shows that the significant difference from the SB06 relationship m S = a À 0.1 (continuous line in Figure 9 ) is, again, in the intercept: in fact when a → 0.1 (for Re l → ∞, as shown in Figure 7a ), m S ≈ 0.23, while m S → 0 in the SB06 relationship.
[34] The correlations between a and TA intermittency exponent of TA series m TA were significant for s = u, T, q, C across all sites and stability classes as shown in Figure 10 . The regression slopes (m TA = a″a + b″) do vary across sites with the bare soil and the ice sheet showing a reduced a″ ≈ 1.0-1.1, which is smaller than the a″ derived for the vegetated sites (a″ ≈ 1.41-1.65) and is closer to a ′ = 0.85 and to the value found in the SB06 relationship (a′ = 1).
[35] The comparison between linear regressions m S = a′a + b′ and m TA = a″a + b″ confirm results deduced in Figure 8 : for ASL m TA > m s ∀ a, variable and atmospheric stability condition. On the other hand, for CSL the two regression lines intercept; in particular above forested sites (Figures 10a, 10b, and 10c) i) m TA > m s if a > 0.2 and ii) m TA ≤ m s if a < 0.2. Because Figure 8 shows that the second case correspond to s = T, q, C, this result demonstrates that in the CSL scalars are more clustered (a ∈ [0.1, 0.2]) and amplitude excursions tend to amplify (or to not alter) clusterization.
[36] Figures 9 and 10 also show that for progressively smoother surfaces (i.e., forests to ice sheet), a surprising 'decorrelation' of m s and m TA with a occurs for s = w, the flow variable most constrained by the presence of the surface (and a variable not considered in SB06). The analysis for the ice sheet was repeated across three heights and the de-correlations between m TA and a reported in Figures 9 and 10 (as well as the correlations for s = u, T) remain virtually un-altered with height from the surface. It is noteworthy that the largest decorrelation corresponds to high value of a, that is to less clusterized vertical velocity time series. Hence, the relationship between intermittency exponents and a for s = w appears to be the most sensitive to surface roughness effects among all the flow variables considered.
Inter-pulse Periods
[37] The probability density functions p(I p ) of the interpulse period I p are shown in Figure 11 for all sites, flow variables, and stability classes. The inter-pulse periods in Figure 11 are normalized by their respective integral time scale (I TS ), a measure of the time scale associated with largescale events. As noted in section 3.4, two types of models have been proposed for p(I p ) by SB06: A power law and a lognormal distribution. The SB06 study demonstrated the onset of an apparent lognormal distribution for p(I p ) at scales that span the inertial to viscous dissipation range and not the integral (or longer) time scales, a major departure from the analysis here.
[38] The results that emerge from the comparisons in Figure 11 to the canonical shapes for p(I p ) proposed by SB06 are as follows.
[39] 1. Over forested sites, the canonical shape of p(I p ) resembles an apparent lognormal instead of a power law. Here, the apparent lognormal shape describes p(I p ) for all three flow variables and all three stability classes.
[40] 2. Over the bare soil and ice sheet sites, the canonical shape of p(I p ) resembles a lognormal distribution only for s = w but a power law better describes p(I p ) for s = u, T and for a wide range of I p . These canonical shapes generally persisted for all three stability classes as well. The grass site closely follows these shapes.
[41] Further analysis of the p(I p ) in Figure 11 suggests that when the lognormal model is fitted via a maximum likelihood approach across the entire range of I p (also shown in Figure 11 ), the fit tends to underestimate p(I p ) at small I p . Moreover, it is evident from Figure 11 that at small I p values (i.e., smaller than the integral time scale), the power law description of p(I p ) is optimum. For large I p (i.e., commensurate or larger than the integral time scale), a quasiexponential cutoff censoring the extrapolation of the power law beyond the integral time scale emerges thereby inviting a model of the form
where g is the power law exponent, and I ref is a characteristic time scale at which the randomization effects (i.e., exponential cutoff) of the surface become significant. In this model, if I p ≪ I ref , then p(I p ) $ I p Àg , and if I p ≫ I ref , the power law in p(I p ) is censored by an exponential decay. The onset of the exponential cutoff may be attributed to the fact that coherent structures are randomly deformed by the surface and split into several sub-structures, thereby lowering the probability of large structures and long inter-arrival times, and reducing the process behavior to a simple Poisson with independent arrival times and exponential p(I p ). Hence, a logical choice of I ref is perhaps the integral time scale of the series (I TS ). The effect of the surface roughness on the equality between I ref and (I TS ) is discussed in the context of Figure 11 .
[42] Over forests, the exponential cutoff term censoring the power law in p(I p ) appears to be significant in all flow variables for I p /I TS ≥ 1. However, p(I p ) appears to follow a power law distribution even for I p /I TS > 1 in the ASL except for w. In the case of w, the exponential cutoff becomes significant even for I p /I TS < 1. Hence, with progressively smoother surfaces (forest to ice sheet), I ref becomes progressively larger than the integral time scale for s = u, T and progressively smaller for s = w.
[43] Not withstanding the precise onset of the exponential cutoff at I ref , it is safe to state that for the range of
Àg (shown in Figure 11 ) for all the flow variables whether they are collected in the CSL or ASL. Table 3 presents all the regression statistics and estimates of g. As mentioned in equation (12), for a weighted superimposition of Poisson processes and for some classical models of selforganized criticality (SOC), the scaling exponents of TA spectra m = 3 À g. Figure 12 shows the measured and modeled m using equation (12) external factors not endogenous to the energy cascade (at least when compared to the findings in SB06).
Conclusions
[44] Velocity, air temperature, and scalar concentration fluctuations measurements collected above natural surfaces ranging from ice sheets to tall forests were analyzed via the telegraphic approximation (TA). The overall goal was to explore how intermittency and clustering are impacted by simultaneous changes in thermal stratification and surface roughness. The findings here in relation to previous conclusions from studies that employed the TA can be summarized as follows:
[45] 1. A number of experiments have already shown that the spectral exponents of the series (n) and its telegraphic approximation (m) are related via m = an + b. However, the precise values of a and b differed among these studies. SB06 heuristically obtained a = b = 1/2 via scaling arguments and reported good agreement with measurements for longitudinal velocity far from boundaries. When all the data sets are combined here, the linearity between m and n is still well preserved but with a = 0.58 and b = 0.26. Hence, for n = 5/3, m = 1.23 rather than 4/3 earlier noted for turbulence far from boundaries. However, the linear relationship found between the two exponents confirmed there is more 'memory' in TA (s) when compared to s(t), suggesting that amplitude variability may be decorrelating the series. Moreover, it appears that the intercept of this linear relationship is far more impacted than the slope when comparing the findings here with SB06.
[46] 2. The TA approximation was shown to preserve some of the non-Gaussian properties (e.g., skewness) of the original series via the fraction of time describing the 'on' phases. Previous investigations did demonstrate that nonGaussianity is related to amplitude variability (an aspect of intermittency) [e.g., Katul et al., 1994; Giostra et al., 2002] . This study demonstrated that also clusterization in the intermittent structures is related to the non-Gaussianity of the turbulent flow.
[47] 3. A previous study demonstrated that for welldeveloped turbulence far from boundaries (SB06) and with extrapolations to infinite Taylor micro-scale Reynolds number (Re l ), the clustering exponent is constant (a = 0.1). SB06 also found that m s (Re l ) = a(Re l ) À 0.1 and suggested a linear correlation between clustering and intermittency exponents. Like SB06, the analysis here revealed more clustering (i.e., lower a) at finer time scales when compared to larger scales. Moreover, ensemble-averaged values of a at finer scale for the combined sites and flow variables followed quite well the SB06 relationship, even if individual runs did not. However, the data sets here did not reveal any significant m s (global intermittency exponent including both amplitude and clusterization effect) or m TA (intermittency À1 when all the sites and flow variables were combined. The ranges of variability of m TA were comparable to m s though the mean value of m s (≈0.30 AE 0.06) appear lower than that of m TA (≈0.36 AE 0.06); in other words, on average, the magnitude intermittency seems to play a smoothing role on the clusterization effect.
[48] 4. The average values of m s were linearly correlated to a for longitudinal velocity and scalars. The mean regression (m S = 0.85a + 0.15), when all experimental sites were combined, differ from SB06 relationship (m S = a À 0.1), mainly in the intercept value. The correlations between a and m TA were significant for longitudinal velocity and scalars across all sites and stability classes, with regression slopes (a″) increasing with the roughness of surface (a″ ≈ 1.0-1.1 for the bare soil and the ice sheet; a″ ≈ 1.41-1.65 for vegetated sites). The comparison between the regression lines found for the two intermittency exponents (m S = a′a + b′ and m TA = a″a + b'') displayed the following: (1) for ASL m TA > m s ∀ a, for each variable and atmospheric stability condition: that is, intermittency in the magnitude of energetic events plays a smoothing role on the clusterization effect, consistent with results obtained by SB06 and B04 for turbulence away from boundaries; (2) for CSL m TA > m s for longitudinal velocity and it is associated to a > 0.2 On the other hand, CSL scalars are more clusterized (a ∈ [0.1, 0.2]) and amplitude excursions tend to amplify (or to not alter) clusterization (m TA ≤ m s ). These findings are consistent with the [49] 5. The relationship between the clustering exponent (a) and the intermittency parameters (m S , m TA ) appeared most sensitive to surface roughness for the vertical velocity component (w). With progressively reduced surface roughness, a de-correlation between a and m S (and m TA ) was observed for w but not for the other flow variables. This de-correlation between a and intermittency parameters for w with progressively increasing smoothness of the surface is perhaps the strongest evidence that roughness effects may partially impact the structure of fine scale turbulence within the ISR. Also, this de-correlation was tested across multiple heights above the ice sheet surface and was not found to change with variations in measurement level.
[50] 6. The probability density functions p(I p ) of the inter-pulse period (I p ) was shown to be well approximated by a power law distribution with exponential cut-off above the forested ecosystems and by a simple power law above the smoother surfaces for all flow variables except w for the entire range of I p . However, when restricting I p to events shorter than the integral time scale (i.e., to time scales comparable to those within the ISR), a power law distribution (p(I p ) $ I p Àg ) emerged for all flow variables and stability classes (even for w). The power law exponent g appears to be well related to m via the expression m = 3 À g, an expression also applicable for systems exhibiting selforganized criticality (SOC).
[51] More broadly, whether the TA properties of atmospheric turbulence actually share attributes with SOC is rather intriguing, and may be traced back to Per Bak's original work [Bak et al., 1988] . Analogies between plasma turbulence, convection turbulence, and SOC have received some attention in the physics literature [De Menech and Stella, 2002; Sreenivasan et al., 2004] . In plasma turbulence, it was shown that instabilities governed by thresholdlike behavior may lead to SOC by producing transport events at all scales (e.g., analogous to avalanches in the Per Bak model). These avalanches arise due to accumulation of local energy, leading to an increased gradient, which when exceeding a specific threshold, result in a burst of activity thereby expelling this accumulated energy [Sreenivasan Figure 12 . Scatterplot of modeled (from g) versus ensemble-averaged measured spectral exponents of Telegraphic Approximation (TA) for all variables, atmospheric stability conditions, and sites. et al., 2004] . It is conceivable that atmospheric flows, with their unique co-existence of mechanical and buoyancy produced turbulent kinetic energy, and the fact that this production is embedded in a background of well-developed turbulence excited at many scales might exhibit analogous behavior. Kelvin-Helmholtz vortices characterizing CSL flows, convection plumes, attached eddies characterizing boundary layers all have some form of a threshold-like 'origin of hydrodynamic instability' governing their formation. Once these instabilities occur and develop, the ensuing eddies do have a local production source (ground heating, local mean velocity gradient) and are characterized (in time) by some form of a burst or excited state. However, the similarity between SOC and ASL/CSL turbulence, if any, cannot be viewed except as a statistical analogy within the confines of telegraphic properties pertaining to p(I p ).
